We present the experimental results for a Raman amplifier that operates at 1810 nm and is pumped by a Raman fiber laser at 1680 nm. Both the pump laser and the Raman amplifier is polarization maintaining. A challenge when scaling Raman amplifiers to longer wavelengths is the increase in transmission loss, but also the reduction in the Raman gain coefficient as the amplifier wavelength is increased. Both polarization components of the Raman gain is characterized, initially for linearly co-polarized signal and pump, subsequently linearly polarized orthogonal signal and pump. The noise performance of the amplifier is also investigated for both configurations. Our results show an on/off gain exceeding 20 dB at 1810 nm for which the obtained effective noise figure is below 3 dB.
INTRODUCTION
Stimulated Raman scattering (SRS) has been subject to much attention within the field of fiber lasers and amplifiers as it provides an extended wavelength coverage in comparison to rare-earth based devices. Motivated by the projected capacity crunch, 1 different approaches are being explored to increase the capacity of communication systems, 2, 3 both long and short range systems. One approach is by exploiting new optical wavelength bands, outside the conventional communication window from 1530 nm to 1625 nm. In the development of lasers and amplifiers in the short wave IR above the Erbium band, SRS appears a promising candidate. We demonstrate a polarization maintaining (PM) Raman fiber laser (RFL), which acts as a pump for a Raman amplifier (RA) at 1810 nm. The lasing wavelength of a RFL, thus also for a RA, can in principle be designed arbitrarily within the entire wavelength range from the Erbium band up to the Thulium/Holmium band by the utilization of cascaded SRS. 4 The main challenge when designing a long wavelength Raman amplifier is the increased intrinsic fiber attenuation which as a consequence leads to an increase in the pump power requirement and deteriorated noise properties. To balance the increasing loss, a high Raman gain coefficient is required, and can be realized by higher Germanium doping concentration and smaller effective area of the fiber. Furthermore there is an inherent scaling of the Raman gain coefficient, which as a consequence reduces the Raman efficiency for longer wavelengths.
Distributed Raman amplifiers are known to have superior noise properties when compared to discrete rare earth based amplifiers, such as the Erbium doped fiber amplifier (EDFA). 5 The best reported EDFA noise figures are just above the quantum noise limit, 6 whereas a recent demonstration of a long wavelength Thulium doped fiber amplifier (TDFA) operating between 1910 and 2020 nm, showed a 6.3 dB NF for 30 dB gain.
7 Whereas discrete EDFAs are limited to the 3 dB quantum noise limit, the effective noise figure (NF) for a distributed Raman amplifier may below this limit and can even be negative. 8 In this work we present a distributed Raman amplifier operating at 1810 nm which provides an on/off gain exceeding 20 dB with an effective NF below 3 dB.
SCALING OF THE RAMAN GAIN
One approach to the description of Raman amplification, is by a set of coupled power equations. 9 For low undepleted signal powers, the Raman gain in units of dB is given by the following expression:
where g R is the Raman gain coefficient, P p the injected pump power and L eff the effective length given by L eff = 1 [− exp(−α p L)] /α p , which depends on the length, L, and the pump propagation loss, α p . The Raman gain coefficient depends on the fiber core and cladding material, and is typically described by the third order susceptibility χ (3) of the germanosilicate glass, the optical frequency of the signal ω s and the effective area of the signal and pump A ps eff . For an unpolarized pump the Raman gain is described by the following expression:
where ε 0 is the vacuum permittivity, c the speed of light, n s/p denote the signal and pump refractive index. In this case the Raman gain coefficient simply depends on the average of the two susceptibilities χ
iiii and χ
ijji , corresponding to the Raman interaction when the pump and signal are polarized along the same axis or if they are orthogonal to each other, respectively. The Raman gain response in optical fibers scales when changing the pump wavelength, based on the changes in optical frequency of the pump and the change in effective area of the signal and pump:
where ∆ν is the frequency offset between the signal and pump, λ p,s is the specified signal and pump wavelength and Λ p,s is the scaled signal and pump wavelength.
The effective area of the fiber along with the calculated scaled Raman gain coefficient is plotted for the OFS PM Raman fiber in Fig. 1(a) for linearly and co-polarized signal and pump, when neglecting the much smaller contribution from χ
ijji . In Fig. 1 a large reduction in the Raman gain coefficient is predicted for longer wavelengths, due to the decrease in signal frequency and the increased effective area of the fiber. The fiber loss for the utilized fiber is shown in Fig. 1 (b) from 1200 nm to 1900 nm. At wavelengths below 1700 nm, the propagation loss was characterized utilizing a LED source (measurements from OFS Fitel Denmark). At wavelengths above 1700 nm the propagation loss was characterized using a Thulium based ASE source. The fiber has an 0.4 dB/km loss minimum at 1600 nm, with propagation losses increasing drastically above 1700 nm, due to the increase in IR absorption in the germanosilicate fiber.
EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 2 , and consists of a RFL outlined in Fig. 2 (a) that is pumped at 1564 nm and lasing at the first stokes shift which peaks at 1679 nm (i.e. 13 THz lower than the pump). The monolithic RLF consists solely of PM fiber and has a linearly polarized output, with cavity containing 140 m PM Raman fiber from OFS Fitel Denmark. The cavity is defined by two signal fiber Bragg gratings (FBGs), FBG1 and FBG2, has a pump grating FBG3 at the output. The pump grating filters the pump and increases the absorption of the 1564 nm pump by enabling two pass amplification. The gratings are written directly in the fiber using a 50 mm phase mask to avoid additional splice losses in the cavity. The RFL output is tuned and stabilized thermally by control of the grating temperatures T 1−3 . The laser has an output power exceeding 500 mW with a linewidth below 30 pm, along with a slope efficiency of 67 %. 13 The LW was sufficiently wide to avoid stimulated Brillouin scattering in the RA. The output spectrum of the RFL is shown in Fig. 3 . The Raman amplifier is pumped by the RFL, and is based on a 4.2 km length of PM Raman fiber from OFS Fitel Denmark, based on the panda fiber design. The effective area and Raman gain coefficient for the fiber is shown in Fig. 1(a) , along with the measured transmission loss in Fig. 1(b) . Pumped at 1680 nm, The amplifier gain peaks at 1810 nm. The fiber has a transmission loss of 0.46 dB/km at the 1680 nm pump wavelength and 1.64 dB/km at 1810 nm. Based on the specified effective area of the fiber, the effective area was extrapolated in Fig. 1 and estimated to 27.7 µm 2 at 1810 nm. Based on Eq. 3 and the estimated effective area of the fiber at 1810 nm, the specified Raman gain was scaled to the signal wavelength. From the ∼ 5 W −1 km −1 Raman gain coefficient specified for a 1453 nm pump wavelength, a 3.32 W −1 km −1 Raman gain coefficient is predicted at a 1680 nm pump wavelength.
A Thulium based ASE source is used for the characterization of the fiber transmission loss, and as the signal for the characterization of the Raman amplifier gain. The source utilizes a segment of highly doped Thulium fiber from OFS Fitel Denmark. The experimental setup is shown in Fig. 2(b) . The fiber is pumped through a circulator with a pump at 1600 nm that is amplified with an L-band EDFA. The unpolarized output is polarized utilizing a fiber polarizer, with an output spectrum that remained stable in time throughout the duration of the experiments. The output spectrum is shown in Fig. 3(a) and extends from 1600 nm to 2000 nm, peaking near 1820 nm.
In the first configuration illustrated in Fig. 2(c) , the pump is linearly polarized and is propagated along the slow axis of the fiber. The injected signal is also linearly polarized and launched along the same axis. The Raman gain in this configuration depends on χ nm pump at 1810 nm. The amplifier is pumped backwards with respect to the signal propagation direction, to avoid the issue of intensity noise transfer from the RFL to the RA.
In the second configuration illustrated in Fig. 2(d) , the pump is linearly polarized and launched along the fast axis of the fiber. The signal is linearly polarized but aligned orthogonal to the pump in the slow axis. The pump and signal are combined using a PM fiber polarization beam splitter and are propagating along the same direction. A PM polarizer at the output of the Raman amplifier is utilized to filter out the residual pump but also the dominant part of the ASE which is generated along the fast (pump) axis. In this configuration the Raman gain depends solely on χ
ijji which is smaller by more than a factor of ten compared to χ (3) iiii , and has a different frequency response. 
RESULTS
Based on the experimental setup shown in Fig. 2 , the Raman gain was characterized in the two amplifier configurations. The Raman gain was measured for a range of pump powers up to ∼ 400 mW for both linearly co-polarized and orthogonal pump and signal, as shown in figure 4 . A peak gain of 20.8 dB is obtained for 377 mW injected pump power at 1810 nm for the co-polarized configuration, as shown in Fig. 4(a) . For the on/off gain measurements the signal power was adjusted to be above the amplifier ASE power level throughout the characterized wavelength span. For the measured orthogonal Raman gain plotted in Fig. 4(b) the gain peaks at 1693 nm with a 2.4 dB maximum gain for 405 mW injected pump power. Around 1810 nm some residual ASE is seen at increased pump powers. This part of the ASE is generated in the fast (pump) axis, and is not filtered out completely due to decreased polarizer performance at this wavelength.
The Raman gain coefficient, g R is calculated from Eq. 1 based on a linear fit to the measured Raman gain from Fig. 1(a,b) . The calculated Raman gain coefficient is plotted in Fig. 5(a) , along with the linear correlation coefficient R from the fit. For the measured linearly co-polarizsed Raman gain, a peak gain coefficient of 3.76 W −1 km −1 was found. For the orthogonal configuration the Raman gain coefficient is shown in Fig. 5(b) , with a 0.36 W −1 km −1 peak Raman gain coefficient. No saturation of the amplifier was observed, which is also confirmed by the high linearity (R > 0.9999) of the fit to the gain curve at the peak gain at 1810 nm. Based on the measured parameters, calculations using the coupled power equations 9 have shown signal transparency at 1810 nm for a distributed Raman amplifier for fiber lengths up to 40 km for the same amount of pump power. The polarization dependence of the Raman gain is important in Raman amplifiers as it requires accurate control of the polarization of the signal and pump. For Raman amplifiers utilizing a depolarized pump, the polarization sensitivity can be avoided at the cost of a reduction in the overall Raman gain coefficient. The reduction comes from the average of the susceptibilities χ (3) iiii and χ (3) ijji for a depolarized pump in shown in Eq. 2. For short pulses the Raman gain can cause the soliton self-frequency shift, for which energy within the pulse is transferred from higher to lower frequencies.
10 Therefore, as the co-polarized and orthogonal Raman gain is of similar magnitude close to the pump, the polarization sensitive nature of the Raman gain should be considered as it might affect the polarization properties of the signal.
RAMAN AMPLIFIER NOISE FIGURE
The NF is a quantification of the degradation in the signal to noise ratio of the signal when it is amplified, and is given by:
where G is the gain,ñ is the number of noise photons, P ase is the measured ASE power in the amplifier, h is plancs constant, ν is the frequency and B o is the bandwidth. To compare the NF of a distributed Raman amplifier with a discrete amplifier, such as an EDFA or TDFA, the effective NF should be calculated:
where α s is the signal transmission loss and L is the fiber length. The amplifier NF, calculated based on Eq. 4 and 5, is plotted in Fig. 6(a) for the co-polarized configuration and in Fig. 6(b) for the orthogonal configuration. The NF was calculated from the measured gain spectrum from Fig. 4 , along with the measured ASE spectrum of the amplifier in absence of a signal. The effective NF for the co-polarized Raman gain is plotted for three different signal wavelengths in Fig. 6(a) , where the dashed line corresponds to the wavelength where the gain is maximum. It can be seen that the NF decreases as the pump power and the corresponding on/off gain is increased. At the Raman Gain peak with a 20.8 dB on/off gain the NF is 2.1 dB, with a NF between 1.3 and 2.9 dB across a 20 nm wavelength span from 1800 nm to 1820 nm.
For the orthogonal configuration the NF is plotted in Fig. 6(b) , at three wavelengths within the Raman gain. The dashed line corresponds to the gain peak located at 1693 nm. In this case the effective NF is found to increase with the pump power and associated on/off gain. 
CONCLUSIONS
A Raman amplifier operating at 1810 nm has been realized experimentally. The amplifier is polarization maintaining and is pumped by a 1680 nm Raman fiber laser. The Raman gain of the amplifier was characterized from 1680 to 1900 nm, and we have demonstrated a Raman gain exceeding 20 dB at 1810 nm along with a sub 3 dB effective noise figure. Based on our findings, we show that in spite of high transmission losses at 1810 nm, a high Raman gain coefficient provided by the OFS PM Raman fiber in conjunction with our developed RFL, has the potential to provide a high discrete gain but also distributed amplification across tens of kilometers at reasonable pump powers levels. The Raman amplifier offers improved noise performance compared to rare earth doped amplifiers, but also offers flexibility in wavelength of operation and can be used to bridge the gap between the Erbium and Thulium Band.
